Circadian rhythms mediated by both central and tissue-specific peripheral clocks allow for the synchronization of biological processes with diurnal cycles such as activity and rest. Disruption of these rhythms can be caused by altered sleep-awake patterns or by pathological conditions and can initiate or exacerbate human disease through mechanisms that are only partially understood. In this issue, Dudek et al. identify a chondrocyteautonomous cartilage clock and demonstrate that expression of an important circadian pacemaker, BMAL1, decreases during osteoarthritis progression. They show that chondrocyte-specific deletion of BMAL1 leads to cartilage degradation and disruption of key pathways, shifting cartilage homeostasis toward a catabolic state. These findings provide insight into the interplay between circadian rhythm and cartilage in osteoarthritis.
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Circadian clocks
Diurnal patterns of rest and activity drive a vast array of normal physiological processes, but also affect the activity of acute and chronic diseases (1) (2) (3) (4) . Indeed, daily patterns of pain and stiffness have been well documented in hands (5), knees (6) , and hips (7) of osteoarthritic patients, yet the physiological basis for such patterns is poorly understood.
The mammalian circadian clock is a hierarchical system composed of a central clock located in the hypothalamus as well as several peripheral clocks, in which transcriptional activity is regulated by transcription factors brain and muscle Arnt-like proteins 1 and 2 (BMAL1/2) that dimerize with circadian locomotor output cycles kaput (CLOCK) and initiate the transcription of a variety of E-box promoter-containing genes involved in various cellular processes. Two such genes encode CRY and PER, which accumulate in the cytoplasm, enter the nucleus to inhibit BMAL/ CLOCK transcription, and are then degraded to form a complete feedback loop that cycles every 24 hours (8) .
Wrist watches: cartilage clocks in articular joints
Much is known of the central clock and its systemic control of peripheral clocks as well as how its disruption affects normal and disease processes, yet it is unclear whether and how individual peripheral clocks play a role in tissue-specific disease. In a study published in this issue of the JCI, Dudek et al. (9) investigate the contribution of cartilage chronobiology to the pathogenesis of osteoarthritis. The same group recently showed that chondrocytes, the cellular component of cartilage, have a cell-autonomous circadian clock (10) . In the present study, Dudek et al. confirm the presence of a cartilage clock and study the cartilage-specific effects of the key transcription factor BMAL1. The authors first demonstrate that the expression of BMAL1 protein in chondrocytes of knee cartilage is negatively correlated with the severity of osteoarthritis in humans and with age in mice. This suggests that the loss of clock components during osteoarthritis and normal aging may be intimately linked with cartilage health.
In order to isolate the role of BMAL1 within the cartilage clock, the authors used BMAL1-floxed mice crossed with a chondrocyte-specific Col2a1-Cre deleter strain. It was previously demonstrated by Takarada et al. that global deletion of BMAL1 results in decreased body size and weight and defective chondrogenesis, locomotor ability, and metabolism (11) . The same group had also crossed BMAL1-floxed mice with a chondrocyte-specific Col2a1-Cre deleter strain (12) and showed that chondrocyte-specific deletion of BMAL1 results in bone development defects similar to those seen in global KO mice (11) . The Dudek et al. study (9) complements the previous study by addressing the role of BMAL1 in cartilage homeostasis in adult tissues. Their study of adult cartilage homeostasis in cartilage-specific BMAL1-KO mice was facilitated by a lack of the defects in body weight and bone growth that were observed in the study by Takarada et al. This apparent discrepancy might be due to the fact that the two groups used Col2a1-Cre transgenic deleter strains that differ in the Col2a1 promoter-targeting strategy.
The authors first assessed the effect of BMAL1 deficiency on the function of central and peripheral clocks using a luciferase reporter assay to monitor the periodicity of PER expression in various tissues. They confirmed that Col2a1 Bmal1-KO mice have decreased circadian rhythms in hip cartilage, while PER expression cycles were normal in the suprachiasmatic nuclei (the central clock) and other tissues such as the lung and heart. Activity cycles were unaltered in Col2a1 Bmal1-KO mice, which also confirmed an intact central circadian clock and ruled out biasing of the study by central clock-dependent alterations of physical activity that would affect cartilage turnover. Circadian rhythms mediated by both central and tissue-specific peripheral clocks allow for the synchronization of biological processes with diurnal cycles such as activity and rest. Disruption of these rhythms can be caused by altered sleep-awake patterns or by pathological conditions and can initiate or exacerbate human disease through mechanisms that are only partially understood. In this issue, Dudek et al. identify a chondrocyteautonomous cartilage clock and demonstrate that expression of an important circadian pacemaker, BMAL1, decreases during osteoarthritis progression. They show that chondrocyte-specific deletion of BMAL1 leads to cartilage degradation and disruption of key pathways, shifting cartilage homeostasis toward a catabolic state. These findings provide insight into the interplay between circadian rhythm and cartilage in osteoarthritis. jci.org Volume 126 Number 1 January 2016 demonstrated that NFATC2 signaling was decreased in cartilage of Col2a1 Bmal1-KO mice, which correlated with decreased expression of anabolic factors such as collagen and aggrecan (9) . Finally, the authors showed that NFATC2 expression in cartilage was controlled by CLOCK, a transcription factor and binding partner of BMAL1, and followed temporal expression patterns. These results constitute an initial elucidation of the molecular mechanism through which the peripheral clock influences cartilage homeostasis.
Time-sensitive nature of cartilage

Conclusions and future questions
In this issue, Dudek et al. (9) demonstrate that cartilage contains a cell-autonomous circadian clock and that disruption of this clock results in a shift toward a chondrocyte catabolic state. In diseases such as osteoarthritis, it is well known that symptoms such as pain and stiffness have a time-of-day pattern, and diurnal patterns of activity and rest also may affect cartilage through variations in mechanical load and movement. The current study gives a first glimpse into the possible contribution of the cartilage-autonomous circadian clock to cartilage homeostasis and prevention of joint pathology. These findings suggest that further studies of the cartilage clock and its role in arthritis are warranted and raise several interesting questions. First, it will be interesting to know what causes BMAL1 expression to decrease during osteoarthritis progression and aging. Second, in this study, circadian gene expression networks were assessed in hip articular cartilage, while cartilage pathology in Col2a1 Bmal1-KO mice was only observed in knees. It will be important to understand whether cartilage clock regulation varies among different joints, as such a difference might theoretically contribute to the joint-specific manifestations of various forms of arthritis (15) . Finally, and closely related to the site specificity of cartilage clocks, it is unknown how movement and mechanical load affect, and are affected by, the cartilage clock. Further investigation into the cartilage circadian clock would be of high relevance to rheumatology by improving our understanding of the etiology of osteoarthritis and potentially other arthritic entities, which might enable novel strategies for the prevention and treatment of these common conditions. tion of BMAL1 resulted in progressive cartilage damage, specifically in the knees (9) . Lesions appeared in the absence of changes in surrounding synovium and subchondral bone, pointing to chondrocyte-specific pathology. While the phenotype induced by cartilage-specific BMAL1 deficiency did not fully mimic human osteoarthritis, it does support the idea that disruption of the chondrocyte-intrinsic circadian rhythm can result in cartilage pathology. It should be noted that complete deletion of BMAL1 was not reported to result in defects in the cartilage matrix; however, Bmal1 -/-mice have defective bone growth and locomotor defects that would alter mechanical input that could influence peripheral clocks.
What makes the cartilage clock tick?
The observations that cartilage BMAL1 expression decreases with age in mice and in patients with osteoarthritis and that deletion of BMAL1 in chondrocytes alone causes cartilage damage suggest that disruption of the circadian rhythm may predispose individuals to cartilage pathology. In order to better understand the underlying mechanisms connecting circadian rhythms to cartilage destruction, Dudek et al. performed a series of time-course RNA-sequencing experiments using hip cartilage to follow transcription pathways in Col2a1 Bmal1-KO mice compared with those in control mice over 24-hour periods. A large number of BMAL1-dependent genes were identified, the majority of which followed 24-hour cycles of expression and then lost their periodicity upon BMAL1 deficiency. Many of the genes studied were regulated in the night or early morning, showing a correlation with the activity cycles of mice. The authors then performed pathway analyses to identify key pathways controlled by BMAL1 in chondrocytes. One of the pathways identified was the TGF-β pathway, which in Col2a1 Bmal1-KO mice was skewed toward a catabolic pattern of signaling, similar to that observed in aging and arthritic human cartilage (13) . A second pathway was the NFATC2 pathway, which was repressed in Col2a1 Bmal1-KO mice. NFATC2 is an important regulator of cartilage homeostasis, and its deletion, combined with cartilage-specific ablation of NFATC1 in mice, results in osteoarthritislike cartilage damage (14) . Dudek et al.
